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FOREWORD

This report describes the results from the testing and analysis of chromic
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Facility (LDEF). Boeing's activities were supported by the following NASA
Langley Research Center Contracts (LaRC); "LDEF Materials Special
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1989 through January 1991) and NAS1-19247, Tasks 1, 2 & 8 (initiated May
1991). Sponsorship for these two programs was provided by the National
Aeronautics and Space Administration, Langley Research Center, Hampton,
Virginia and The Strategic Defense Initiative Organization, Key Technologies
Office, Washington D.C.

Mr. Lou Teichman, NASA LaRC, was the NASA Task Technical Monitor.
Mr. Teichman was replaced by Ms. Joan Funk, NASA LaRC, following his
retirement. Mr. Bland Stein, NASA LaRC, was the Material Special

Investigation Group Chairman, replaced by Ms Joan Funk and Dr. Ann
Whitaker, NASA MSFC, following Mr. Stein's retirement. The Materials &
Processes Technology organization of the Boeing Defense & Space Group was
responsible for providing the support to both contracts. The following Boeing
personnel provided critical support throughout the program.
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Dr. Gary Pippin
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SPACE ENVIRONMENTAL EFFECTS ON THE INTEGRITY OF
CHROMIC ACID ANODIZED COATINGS

1.0 INTRODUCTION

The objective of this study was to characterize the performance of the
anodized coating as a function of space environmental exposure. The analyses
employed included specular and diffuse reflectance, scanning electron
microscopy and metallography, surface analysis, and solar absorptance and
emittance measurements.

The Long Duration Exposure Facility (LDEF) tray clamps used to hold the
experiment trays in place on the LDEF have been analyzed to determine the
effects of long term space exposure on the performance of the chromic acid
anodize coating. Spectroscopic anomalies observed appeared to be random
and related to application techniques as opposed to exposure or position on
LDEF. Thickness measurements indicated that the coating was less than one
micron and was probably not degraded by space exposure. Emittance values
for the coating decreased uniformly by an average of 6.8% while solar
absorbance values increased for trailing edge and decreased for leading edge
specimens. The absorbance/emittance ratio for the coating also increased as a
result of long term space exposure.

Anodize finishings of aluminum are being considered as a candidate
thermal control coating for use on Space Station Freedom and other spacecraft
planned for use at low earth orbit (LEO). LDEF was retrieved from orbit by the
Space Shuttle Columbia on January 12, 1990 after spending 69 months in
space. The performance of the chromic acid anodized coatings on LDEF is
important in that it is a measure of how anodized coatings in general may
perform during extended space exposure. LDEF offered the unique opportunity
to evaluate the performance of chromic acid anodizing after prolonged space
exposure. The constant orientation of LDEF relative to the ram direction

throughout its entire mission has resulted in a unique distribution of exposure
conditions. Since the tray clamps were positioned uniformly around the
satellite, they represent each direct environmental exposure condition to both
atomic oxygen and ultraviolet flux experienced by LDEF. The condition of the
clamps provided a complete picture of the combined space effects on the
performance and durability of the chromic acid anodized coating.

2.0 EQUIPMENT AND PROCEDURES

Specular and diffuse reflectance measurements in the UltraViolet (UV),
Visible (Vis), and Near Infrared (NIR) regions of the spectrum were obtained on
a Perkin Elmer Lambda IX UV-Vis/NIR Spectrophotometer with a barium sulfate
coated integrating sphere attachment. Measurements in the mid-Infrared region
were obtained on a Biorad FTS-60 Fourier Transform Infrared (FTIR)
Spectrophotometer with a diffuse gold coated integrating sphere attachment.



SEM and metallography analysis were performed on an AMR 1400

Scanning Electron Microscope. Elemental analysis was also performed on the
AMR 1400 using an Energy Dispersive X-Ray Analysis (EDX) attachment.
Surface analysis was accomplished via Electron Spectroscopy for Chemical

Analysis (ESCA) on a Surface Science M-Probe Surface Spectrometer.

The Solar Absorptance measurements were made on a Perkin Elmer
Lambda IX UV-Vis/NIR spectrophotometer. All measurements were calculated

from spectra obtained in the total reflectance mode over the spectral range of
0.25 - 2.5 microns. The calculations were made using a 29 point integration
over the air mass zero solar spectrum. A National Bureau of Standards spectral
tile served as a standard material of known absorptance to which all spectra
were corrected. The tile absorptance.was measured each time a set of

specimens were measured. All tests were conducted in accordance with ASTM
E424, Method A.

The thermal emittance measurements were made in accordance with

ASTM E408, Method A on a Gier-Dunkle DB 100 Infrared Reflectometer. The
values reported are averages of five measurements per specimen. Boeing
Metrology Laboratory reference materials were used to recalibrate the
instrument prior to evaluating each material.

3.0 RESULTS

3.1 Specular and Diffuse Reflectance

Total, specular and diffuse reflectance spectra were obtained for each

tray clamp analyzed. Data was obtained in the ultraviolet, visible, near infrared,
and mid-infrared regions of the spectrum. The individual spectra were
examined for anomalies and particular changes in the various spectral

signatures of the coating with respect to the type of exposure the clamps had
seen on LDEF.

3.1.1 UV-Vis/NIR Region

There were large variations in the reflectance data obtained from
different specimens, especially in the UV-Vis/NIR region of the spectrum. Two
representative UV-Vis/NIR diffuse reflectance spectra are shown in figure 1.
The data indicates nearly a 20% difference in the diffuse reflectance

component between the two spectra. The total reflectance values, however,
exhibited little variation in any of the clamps tested. There was also no

apparent correlation between the differences observed when the reflectance
values of the exposed surfaces were compared to those on the reverse side of
the clamps and the position on LDEF except for the leading and trailing edge
specimens. There was a trend toward decreased diffuse and increased
specular reflectance on leading edge specimens while the reverse was true for
the trailing edge. The total reflectance, however, remained unchanged. It

appears however, that the majority of the spectral changes observed were
related more to variations in application techniques than to space effects. All of



the spectra obtained during this phase of the investigation are included in the
appendix A. The differences observed are summarized in Table I.

3.1.2 Mid-Infrared Region

The IR spectra presented in the appendix were obtained using an
integrated sphere attachment to the spectrophotometer. Several
measurements were also made employing a spectra tech diffuse reflectance
attachment. Figure 2 contains representative diffuse reflectance spectra
obtained over the mid infrared region of the spectrum by this second method. A
typical spectrum from the reverse side of the clamp, which was shielded from
any space effects except vacuum and thermal cycling, is presented in Figure
2B. As seen in this figure there is distinct evidence of organic contamination in
the protected surfaces of the tray clamps as evidenced by the CH2-CH3

absorptions around 2900 cm 1 and the carbonyl absorptions near 1640 cm -1.
The exposed surfaces show significant reductions in the magnitude of the
peaks in both of these regions indicating that space exposure may actually
have "cleaned" some of the initial contamination from the LDEF surfaces. An
additional absorption peak was observed on many of the exposed surfaces.

This peak can be seen around 1070 cm "1 in the spectrum shown in Figure 2A.
The presence of this peak has tentatively been attributed to the formation of
silicate compounds associated with the silicone contamination observed on
many of the LDEF surfaces.

3.2 SEM and Metallography

3.2.1 Coating Thickness Measurements

SEM analysis was employed to measure the anodize coating thickness
on the tray clamps. Small specimens cut from the clamps were fractured and
photomicrographs were obtained of the fracture surfaces from both the front and
back of the clamps. The coating thicknesses were then measured directly from
the photomicrographs. The back side of each clamp acted as a control and the
data was evaluated to determine if space exposure had any effect on the
coating thickness. Typical photomicrographs showing the anodize coating are
presented in Figure 3. All of the photomicrographs evaluated are included in
appendix B.

The thickness data is summarized n Table II. The data represents five
measurements on both the front and back of each clamp. The data indicate no
effect of space exposure on the thickness of the anodize coating. The SEM
analysis did indicate that the coating was extremely thin averaging only
between 0.4 and 0.8 #m.

3.2.2 Evaluation of Tray Clamps with Copper Grounding Straps

Copper straps for grounding the silverized teflon blankets for experiment
AO-178 were attached to specific tray clamps on LDEF. One such clamp is
pictured in Figure 4. These samples were significant because they had both



exposed and protected areas on the same side of the clamp. Figure 5 contains
photographs of a clamp which had part of the exposed surface protected by
shims. The areas on the clamp which were protected by the shim and the
ground strap, as indicated in Figure 5 by arrows A & B respectively, can be
easily detected as lighter regions on the clamp surface. Contamination from
external sources contributed much of the discoloration on the exposed surfaces
shown as darker regions on the clamp surface.

Figure 6 contains photomicrographs of cross sections obtained from
exposed areas of clamps and areas of clamps shielded by copper grounding
straps. Clamps from both leading edge (Figure 6 A & B) and trailing edge
(Figure 6 C & D) locations were examined. The most notable feature in these
figures is what appears to be debris on the protected surfaces of the clamps.
SEM photomicrographs (Figure 7) revealed that what appeared to be debris
was actually a discrete layer on the surface of the clamp. EDX analysis of this
layer (Figure 8) indicated that it was comprised solely of aluminum, most likely
in the form of aluminum oxide. This indicates that an oxidation process may
have occurred on the surface subsequent to the anodizing. The exact source of
this layer is not known. However, the anodize coating on the clamps is
extremely thin and porous. The configuration of copper in contact with the
aluminum clamp allowed the potential for galvanic corrosion to occur.
Exposure to humidity before or after the flight would have been sufficient to
provide a conductive path, leading to galvanic action, producing the type of
deposit observed. Figure 6 shows that the "extra" layer is absent from exposed
areas on the surfaces of the clamps, further supporting the possibility that
galvanic corrosion produced the surface layer observed under the copper
straps.

3.2.3 Coating Porosity

Figure 9 contains SEM photomicrographs of both exposed (Figure 9A &
C) and protected (Figure 9 B & D) areas from the surface of a trailing edge
clamp. As seen in these figures, the surface of the clamp appears to be
moderately pitted and there is no significant variation in the amount of pitting
present on the exposed or protected surfaces. Figure 10 contains SEM
photomicrographs of exposed (Figure 10 A & C) and protected (Figure 10 B &
D) areas from a leading edge clamp. While pits are again present in both the
exposed and protected areas of the coating, the number of pits on the exposed
surface of this leading edge clamp is considerably greater than on the protected
areas. However further investigation of other leading edge clamps did not show
this effect. Other photomicrographs are included in appendix C.

3.3 Surface Analysis

ESCA spectra were obtained from selected earth and space end clamps.
The results are presented in Figures 11-14. As seen in these figures, the silicon
contamination which was observed over all of LDEF (Ref. 1) was detected.
Fluorine was also observed in one of the spectra. The silicon contamination
was also observed during surface analysis studies of the paint disks. Since no

4



real anomalies were observed during these initial investigations the surface
analysis characteration of the tray clamps was discontinued and efforts were
directed to other analyses.

3.4 Solar Absorptance and Emittance

The tray clamps were anodized prior to flight to achieve an (x/e ratio of

2.1+/- 0.2. The stability of this ratio is both a measurement of the durablility of
the coating and an indication of its effectiveness in thermally protecting the
spacecraft. Since the effects of long term space exposure on the survivablity of
the anodize coating is an important parameter to be considered by designers of
low earth orbit spacecraft, considerable effort was expended in analyzing the
absorptance and emittance of as many clamps as possible. As of this report
228 clamps have been analyzed. The data obtained from these clamps is
summarized in Table III.

There was considerable variability observed in the optical property
values obtained between tray clamps. Solar absorptance values ranged from

0.30-0.40; emittance values range from 0.12-0.20; and the calculated ode ratio

ranged from 1.60-2.80. Some of this variability was undoubtedly due to
inconsistencies in the anodizing application techniques. In addition, there were
only four ground control specimens available and any anomalies associated
with the method of application of the coating would also be manifested in these
specimens. Under normal circumstances this would have made any
meaningful statistical analysis of the results impossible. Fortunately, the
reverse side of each clamp did not see the effects of the total space exposure.
This afforded a built in control for each clamp and allowed elimination much of

the variability expected between individual clamps. The fact that the optical
values for the exposed and protected sides of the clamps could be compared
allowed us to conduct meaningful paired "t" analyses of the differences
between the front and back of the clamps and determine the statistical
significance of the results (Ref. 2).

The most obvious conclusions which can be drawn from the data
presented in Table III are that emittance values apparently decreased by an

average of 5.6% as a result of space exposure and the c_/_ ratio increased by
5.6% While these values are small, they are statistically significant at the 99%
confidence level. The data in Table III also indicates that the clamps subjected
to earth end exposure were the only ones which exhibited no change as a
result of space exposure. This infers that UV exposure may have had an
adverse effect on the performance of the anodize layer.

A number of subtle differences were observed which are not apparent
from the average values presented in Table II1. These will be discussed in the
subsequent sections.

5



3.4.1 Solar Absorptance

While the data in Table III indicates that the average solar absorptance
values remained unchanged, closer scrutiny reveals some interesting trends.

Figure 15 contains a graph of the average change in solar absorptance values
between the front and back of the clamps as a function of position on LDEF. As
seen in this figure, leading edge exposure has resulted in a slight decrease in
solar absorptance values with respect to the unexposed side of the clamps,
while trailing edge exposure has resulted in an increase. There also appears to
be a transition zone in row 6 where there were little or no differences between

exposed and protected values. Although these values are small, they are
statistically significant at the 99% confidence level. Table IV contains the results
of a Duncan's New Multiple Range Test on the data from Figure 15. Duncan's
New Multiple Range test is employed to determine statistical differences
between multiple means (Ref. 2). Means which are not statistically different
from one another are underlined in Table IV.

In general the data indicates that the values from the leading edge
clamps are significantly different from those obtained from trailing edge
specimens. The data also indicates that the values obtained from row 6
specimens were different from both the leading and trailing edge. This is
important because row 6 is an area where the AO model fluence predictions fall
from 1E+21 to 5E+19 impacts per square cm. Adjacent trailing edge specimens
have predicted AO fluences of approximately 1E+17 impacts per square cm
(Ref. 3). This suggests that atomic oxygen may have played a role in the
observed differences.

Figure 16 is a plot of the change in solar absorptance values as a
function of atomic oxygen flux. The data indicates that solar absorptance values
generally decrease with increasing levels of atomic oxygen exposure. The
relationship between the change in solar absorptance values and equivalent
sun hours is presented in Figure 17. At first glance the data in Figure 17
appears to be quite scattered. A closer look, however, reveals that there are
actually two distinct relationships indicated here. The first is for trailing edge
specimens and it indicates a slight increase in solar absorptance with
increasing sun hours. Leading edge specimens, however, actually show a
decrease with increasing sun hours.

3.4.2 Thermal Emlttance

The relationship between the change in emittance values and the
position on LDEF is presented in Figure 18. As seen in this figure, the
emittance values decreased relatively uniformly. This decrease is significant at
the 99% confidence level and is apparently independent of the position of the
clamps on the satellite. This would seem to indicate that the observed changes
in emittance may be related to the silicon contamination which was generally
present over the entire spacecraft. There were no correlations observed when
the change in emittance values were plotted against either the atomic oxygen
flux or the equivalent sun hours as seen in Figures 19 & 20.
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3.4.3 The Ratio of Absorptance to Emittance

Figure 21 contains the relationship between the change in (x/E and the
position of the clamps on the satellite. The data indicates that space exposure

increased the (x/¢ ratio for the tray clamps. This relationship was again
significant at the 99% confidence level. In general, the observed change was
more dramatic for trailing edge clamps than for those placed on the leading

edge. There were no correlations when the changes in (x/E were plotted against
the atomic oxygen flux or the equivalent sun hours (Figures 22 & 23).

While the observed changes in the optical properties of the anodized
coating were relatively small, they were statistically significant. It is unknown
what effect longer exposure will have on the coating. Assuming that the
observed changes were induced by space exposure, they could have already
reached their maximum levels and will now be constant with time or they could
be following an Arrhenius relationship and may increase with further exposure.

4.0 CONCLUSIONS

Spectroscopic anomalies were random and are likely related to
application techniques as opposed to space exposure or position on
LDEF.

Anodize coating thicknesses were less than one micron and were not
substantially degraded by space exposure.

Thermal emittance values decreased uniformly by an average of 6.8%,
most likely due to the silicon contamination.

Solar absorptance values increased for trailing edge specimens and
decreased for leading edge specimens. This combination of effects was
likely due to darkening of contaminant layers under solar exposure on
the trailing edge and removal of the contamination layer on leading edge
clamps by atomic oxygen.
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FIGURE 3. Typical SEH photomicrographs showing anodize coating thickness
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FIGURE 4. Photograph showing position of copper grounding strap on LDEF tray
clamp.
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FIGURE 5.

L

Photograph of tray clamp with arrows indicating

boundaries between exposed regions and those protected
by (A) the copper ground strap and (B) the aluminum
shim.
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FIGURE 7
Higher magnification scanning electron photomicrographs depicting
the observed surface layer on the protected surfaces of tray clampE10-6.
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Surface Composition Table Summary

220 B

Element B_nd_ng Energy atom %
Na (is) 1073.81 0.82 %

F (is) 687.31 1.24 %

O (Is) 533.71 46.24 %

N (is) 401.07 0.73 %

C (Is) 285.78 16.51%

C] (2p) 200.39 0.74 %

S (2p) 170.99 4.02 %

Si (2s) 155.11 20.60 %

A1 (2_) 120.07 9.09 %

Total Percent I00.00 %

FIGURE If. ESCA spectrum of anodize coating from clamp with
E:_rth end exposure

21



20080

1100 880 668 440 220 8

Surface Composition Table Summary

Element Bindlno Energy atom %

Na (ls) 1073.85 0.61%

O (is) 533.88 50.68 %

C (ls) 286.18 15.58 %

S (2p) 170.53 3.46 %

Si (2s) 155.28 20.22 %

A1 (2s) 120.36 9.45 %

Total Percent I00.00 %

FIGURE 12. ESCA spectrum of anodize coating from clamp with
Earth end exposure
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Surface Composition Table Summary

E_ement Bindlna Energy atom %

Na (ls) 1075.33 0.74 %

O (ls) 535.30 56.83 %

C (ls) 287.26 11.58 %

Si (2s) 156.59 30.84 %

Total Percent I00.00 %

FIGURE 13. ESCA spectrum of anodize coating from clamp with

space end exposure
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Surface Composition Table Summary

Element Binding Energy a_om %

0 (Is) 532.52 44.64 %

c (is) 284.39 28.26 %

si (2s) 153.79 25.25 %

A1 (2p) 73.36 1.85 %

Total Percent I00.00 %

FIGURE 14. ESCA spectrum of anodize coating from clamp with

space end exposure
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Fljure AS: UV-VIs/NIR Total Reflectance of clamp 008-9, (A) Front (B) Bnck.
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Filure AIg: Specular IR Reflectance of clip O12-I, (A) Front (B) Back.
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Figure A43: UV-VIs/NIR Diffuse Reflectance of clamp H01-2, (A) Front (B) Back.
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Flilure AS1: UV-VII/NIR Diffuse Reflectance of clamp H09-3, (A) Front (B) Back.
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Figure A69: Total Hemispherical IR Reflectance of clip H01-6, (A) Front (B) Back.

105



. -i _̧ -!_-+ I I

.... .... ].+..L

_. T+!- i_

!

I [ I I I

..... !

3500 3800 2500 2000
W_venumbers

H93S
SPECULAR IRIREFL. OF-CLIP' H09-3

1500 1800 I : l ':500

'-7:-. _ ...... :-

[SIDE. A ] , !. _ .
......................

,'i']-

• ;,+:I--

•[,t+-:

'L]-

_J 1
It000

' , t • ._ i..!-:L_=
t .......... + ; I.::+ I .:. +:i (:I
+ ...... _..:._ •• u.;. -++ -+.....+ ' ' + _ +++:,_++++_I

.... + F + + + , ::+!L:::.+:+_._iIJU

: , ++ ; + : • : + :-1.... l_lll
+ ' +-. +-.-; .... +5I:'U+"

. ..................... _+'_ I..I_!11+I
..... + . , ' t ' ', "+

++ " " ' V. i
• . .,.+_++_..+. .....

.....:.....:
..L- -,..... ,

"....I--
I

_L.o .J- ..
I

I I I- I I I..... I

3500 3000 2500 2_0_ 1500 I00_.i!'_.... _5_0
W_ven_mBe rs i:. i

H93BS :--? :!_

SPECULAR IR REFL. OF CLIP H09-3 [SIDE BJ '

Figure AT0: Specular IR Reflectance of clip H09-3, (A) Front (B) Back.

106



l_]0-

r

I"

,,_

ri

m

L

t

t

n

c

e

[

[

r I

i.

8_-

6g-

28-

80-

z,) _ o.-

I

- ¸-

..... -,.. HS3D

DIFFUSE IR!RE_L_ OF CLIP Y109-S (SIDE _J

::1f._::i-:W.;-: .

I

i, !

' I

:_J__L.
!t

%_"__: ..v- i-

1 I ,: I i I , ] , I

3SBB 3000 250_ 2_ IS_O .....iB00_
W_ven_mbers ...i

,., : H93BD _.i---
, . p

DIF[UOE IR REFL; OF CLIP H09-3 {SIDE B].:I:_I..-._

509

Figure ATI: Diffuse IR Reflectance of clip H09-3, (A) Front (B) Back.

107



100-

7.

F _80-
F

el

rl
6_1--

S

m

i :

t !40-

t

n 20-
C

e

i

4000

i i

: ] :

iI

,I I I i I _ r • i

3500 3000 2s00 2000 . _5oo :!ooo :50_0
: !

"q

[ 0 T FII_ REF L E C TI:::INCE ',OF CE'IP H09--' 3:]:: [ SliDE FI] ....... :Jill ........

7.

r

?

n

$

nl

t

t!

I"1

c

0

_00-

80-

_40-

20-

g

LL

1 -- I

-?

- t : i

-: --'. " ' "I -i I I

,. :..i I_

................. l .....

.r

]00

I

I

I I I'.̧ I I I

3500 3000 250g 2000 1500 1000
Wb,ven_mbe rs

I-i93B

]OTI4L REFL OF CLIP H09-3: [SIDE BJ

t

500

Figure A72: Total Reflectance of clip H09-3, (A) Front (B) Back.

108



F'I

S

nl

i

t

t

n

c

e

F

r

q

s

,11

t

t

FI

C

e

"60-

20

0

4000

I;-;;;i̧ ;
ii !..........

! ; I I

I

I

p

; I I

35'00 3000 2500 2000
q..-

Wave n _mbe r;.e
:. H96S: '

SPECULAR IR R[-FL. OF CLIP H09-6 (SIDE:-A}'."

q

i_ . : _i :

........_'-7;-i_¸¸

: ,I .: •

, ; ":l d I "

._'_......!.11'._..i--.',.-.:

, i _ ' i .
:': ;..:-:-'. i • •
i t : _ :

: ;""i ! ' I•

1500__ ! 1000.

... : !.,

P , : i i

:.__,.. _L:. _ ..... : ..

--!

.......... t

: I

I

i

_! .,.

: . _ . - .... , . , ....

1007 •_-_-.-:,..... -:_-wT7 ....-T-"........
.. : .__L. !-"i i "

F

: .......i"- : . J

6g

i

.... ; .......
i

• !...... !

_.!_.i ; _.t._
20- : ' : ': ...... ,,.._.:.... .

• ; ,%" ., i I

": "i " : " '

...... "Y.:..-i: ;'.

4000 3500 3000 2500 2000 !500_ji., i000 500
Wavenumbers i .

H96B5 --_"..............

i SPECULAR IR REFL. OF CLIP H09-6 (SI}OE-:B):....

Figure A?3: Specular IR Reflectance of clip H09-6, (A) Front (B) Back.

109



r

r

6_

i

I

I

n

c

e

1ML4

r

r

r_

q_

i

t

t

n

c

e

t I;,)l_-

80-

40-

28-

L ..: ._

I f I I I I I

3500 3(3(_0 251_0 2000 1500
We,renumber s

H96BI] _

DIFFUSE [R REFL. OF CLIP H09-6 {SIDEi B)

1000 500

Figure A?4: Diffuse IR Reflectance of clip H09-6, (A) Front (B) Back.

ltO



i_,}i,i-
-r
/.

'I

6V}-
t;

ql

; 40-

_" 20-
c

e

0

i

I

_000 3500

I I I

I i'_

3000 2500 2000 1500 ic:1000

Waven_mbers ' i

H96 ; ....

tOTAL HEMISPHERICRL [R REFL. OF CLIP H@9,6{SIDE R)

500':

i "

[

y.

q

s

rll

L

q

80-

60-

40-

20-r

I

0--i
4000

I l I I I I

3500 3000 2500 2000 . 1500 ..1000.1. .50g
' Wavenumbers :. i :,:; : '. ' '

! i : H96B : _, : ! i : . i ........ ;,....

_O_AL HEMISPHERICFIL :IR REFL. OF CILIP: ,1"109"_6_I-SIDE B)::-.: .i., :.

Figure A?5: Total Hemispherical IR Reflectance of clip H09-6, (A) Front (B) Back.

111



LEADING EDGE

1L2



i

!o

i
i : i.

"1 i,
' I

i

..... ? -_ ..... Ii"-

I

......... _ .. I- --- -_

- - .4 ....

I :._

I

_o.

Figure A76: UV-VIs/NIR Total Reflectance of clamp AI0-3, (A) Front (B) Back.

It3



i

' I

40 I i

I"
J

i:¸
I

t - I. i

i if

.q

'l-it ( i...... i .I _

i
N_

.-. _ t

i

, i i

" ':i ....ij-¸
:....i 'I

Figur_ A77: UV-VIs/NIR Diffuse Reflectance of clamp AI0-3, (A) Front (B) Back.

114



10

60

40

I

i I P

i ,

I

I

I

' .... I_ i

i.i!

i

IJII

I

I

--"t

i ....

; i!!!

I "I

i

|I

iI

.... _ _- .m-- I

.... --I--L-i-J

[£" ":

, !i

4_ ....

I
4

! l !
* 1 I

! : I

I ,

n ....

F:II:

'i,i

i'i

IIUU

IIi! I I, ;,i

_iltr

_.;'.L L-

,!

,: _-3"*3t

.... ] "-

:'tl

:!I

L _U

;s I'

L ._
>I-

T. i

ii.. ii "

,., !.... I;.--t_..'-L_ I.

:_-_i_¸ _!!!!i_:

I

I

7-

I

I ................

.............. t.,--i
I

! .... , i

i

.,r

Figure A?8: UV-VIs/NIR Total R©llcctanc¢ of clamp F09-6, (A) Front (B) Back.

I15



q'O

II

_uu

)--_--_---f-f

i

i

t

m

t

..... I,

........... I ....

IbUU '

: ..... _-t-

i ....

" ,,-,I...-,4M....

........t....l.
I

_.+ .. ....... +---_

-L!
1

I
• I"'_

2
il | I0_

I .+...L "'1

I

i

/

I

I

..... i

,'. i

+

....2;-

!.

...t*t,,milllll [it,i.l,. i

'.::I! "_'_'_:1....,,)ifl(l!)l):!iih;_:_

t
!

i'
i .

j ........ L...... l-+ l

i
I

I I

I

.... I ......

-li,fIi+-ili
t.! ++

Figure A79: UV-Vis/NIR Diffuse Reflectance of clamp F09-6, (A) Front (B) Back.

LI6



I

Figure AS0: UV-Vi_/NIR Totnl Reflectanceof clamp F09-8, (A) Front (B) Back.

117



.INI.

r.,_1

21,

,

,..- --_,

I

lib ---

ill, : --

i

I

8, -T- t--

i

i i
t- ! .........

I

l/

i
t

I

l ....

I

I l_Jll

,.. ,d I

i

i;

...... 7-:

.....7i,
i i_

Ii _,_H_,

!'
.... I

i

,

I

-..i

,

Flgur_ A81: UV-VIs/NIR Diffuse Reflectance of clamp F09-8, (A) Front (B) Back.

I18



! I ,

iii,-'Ii!i!!!i

-
L

t ,_vuO0_

I I , q

I:_::]._L{,

- :i_

!
._. i jl

,I ii:

1 :;i

Figure A82: UV-Vis/NIR Total Refl©ctance of clip A09-3. (A) Front (B) Back.

119



d411P-

._111

!
I

LI_V

i

I

I

Ii
I

I

•:_i.....:_:L-.L3L

, I

-- i, Jd--, :

- " i !i i_[ i_
.. _:[i....

.. H ......... . .......

,,,:!, ::;

'_ ' _ ,. : ....... _-;-: :1, - :±

Figure Ag_: UV-Vis/NIR Diffusz Reflectance of clip A09-3, (A) Front (B) Back.

120



,_---r- 1 i ! _ i.:rr._:i !i_ : ,:i

i^ :-J"--" j !-, ...... ---
• ,,MI /" ; ! t . ,

'1\1v _ v ] I I ! _:_._ _-'

r i i ! / I
L

q

,t
I

ti -

_L-.--F-
I |sj_

I

iII
" - [ ...... 1 .....

i ' '........_........I_ _it.....

/

.._ • " ' 1

....... 11

i

/

Figure A84: UV-VisfNIR Tolai Refleclnnce of clip C08-5, (A) Front (B) Back.

121



., o.,_ I !l- I I .... I .... I 1111P'TII

I

.i_i!!

rm _ rq .-r::l-.--% T_"; _I::1r

t,

• _----._

. _.z. _x .... ----41i--

t

i

............. ....

Fillure A85: UV-Via/NIR Diffuse Reflectance of clip C08-5, (A) Front (B) Back.

122



" -'T'-::; '7:-- "1 _--::__.--T----_,--'z-T,." ": -- : I " : " : " :.. : -:: : -:: : : : " :----_'z

r -i -_--i-+---............. "" i..........:" ......--.............--:

O, ......._--:-........................... -......................... --"--:

m _.il _i _ " ,_ .......... ".............!

t- _0--......................... :.........................I
t I

...................................................

........ i

n 20- "
c

0

0

......4000

i I I I I

5500. 3000.. 2500 .2000 .......I_0

W_venumbors

_103F

SPECULAR IR REFL. OF CLIP AIO-3

I I

Z_io o_ so 

(SIDE _}

Figure A86: Specular IR Reflectance of clip AI0-3, (A) Front (B) B_k.

123



__ ,.-I_-,...........-_ , ,...........1.....t.....__-_. :_:_ •_.,
.:_---:.: -:-::._-_-F---_ : : : :: 4::. " _-::_ :-7._-TT--:::- :I :-: _:-:----:-- ::: :::::::::::::::::::::::::::::::::::: ::::-- .-:---::

-..T"-[: : :: .- i -_ -!- " _: -- :!:-::i-- _--! : :'_: ! ::i_-: :i _: :/ .i:--_L-{.-._:_:_L!::--:":--:! :.

Figure A87: Diffuse IR Reflectance of clip AI0-3, (A) Front (B) Back.

124



-_-:- i '__ --__'-.£...._..:--:T=_....... _T. _̧-TTT'_-T_.-i.... _ -, : ....,.................. ____..-:-_.:...........

-":_- -_--t-'--r- ...... -..... '.'' _ -_ -_- _- - ................................................

Z_:r.i,/ .i?_i::_!._: ! i ......... _ __ -_:'i i:': _ .,

.... i

n

s u_- _

"I .... 40';

i

n--20- _.............

e

I

4000 .....3500

.......................................... i

i i f ......i .......l.........l....
_ .3000 2500 2000 ....1500_. __1000 ....50__

W_ven_mber_ .......

A103 ......................
TOTAL IIEMISPHERICQL IR REFL. OF CLIP AIB-3--(SIDE fl) ..........

...... I=............. _.............. _ ......................................

..... . ...... z_ ........................................... 1-- ................ ,

Figure A88: Total Hemispherical IR Reflectance of clip A10-3, (A) Front (B) Back

125



:..l .i--_- ,i .... ,....... i---"_- ================================= :::::::::::::::::::::::::::::::::::::::::::: ..... _-
-'t-. * ..... :_ ---" -: _::: ................ * ........ I ..... _ ......

--:6_
_o.......................... i!TT;J--_-.......7...........................
t

O

2g-

- I i-
4980 5500 _3000

SPECdLt::tR

I ! I I

258g ZS8_ 1_8 __00.._
Wevenumbers

Fg6F

[R REFL. OF CLiP F09-6 iS[DE B)

I
__500

Figure A89: Specular IR Reflectance of clip F09-6, (A) Front (B) Back.

126



i _. i- : : : .-2. -i_-2 .... __L__ :._/.2_:.2__iL. 2__±_ " --- ]

n

.s 60-._. .........

m ........

i ....

--t....:40 ...........................................................................

t

"_ -20-

_4000

I I I I I I.........I
3500 3000 __ _ 2500 ....200_._i-:_-]5_ .......I_0.. 500

Wmvenumbers .............

Fg6RD ....................

DIFFUSE IR REFL. OF CLIP F09-6 (SIDE A METqLI

Figure A90: Diffuse IR Reflectance of Clip F09-6, (A) Front (B) Back.

127



. ", , - " . , - , .... __--_ '- , - ..... " ..... , "I ........................ ,

t 40-- ....................................................

.............................

n 20- " ......................
C

8

" " 1 i -- -- --] [ i r r -- . ] ] , , L . " [ " T," _ " " " .i'--]__--..i. ]i']__]] "] .i[.

I I, _ 0 0 _ I- 3500 3000 2500 "-{?00. 1500_ __1000........500
.... Wavenu,mbe rs ...................

Fg6R .........................

TOTAL HEMISPHERICRL [R REFL. OF CLIP F09-6 [SIDE R METRL}

I :: l--..- ........... :,...t ....... ,.., . , -;.:_ :::1:_......_:_- ........_-=,_.... _=,__.,..................
-:'--, B-i =_._-='_............................= ..............., ..... ......,__. :_:::.......=.::::_ .-=i:-::..............=:.I--..--:::-_--:::.-==:....._-= ........................................, __ .

................. i_-:::=':_- :: : ..........._......... _ .... 1.......... _ ...... --_- --:=:': .......--::::.:::.... -I II
II.

, :::=_ ---)::'- .- ...... _....... I .... ', ...... . " • . ;........ .---:---'-_- _= " - -
:! ::::-:!':F:::I'_!-=:-: ...... .-_.T:" .:::::l-.::.::: -:-:--::.:-_ ::: -: :..: ..:-_,_: ............ , ............ I. ............. -

• :.'_ "_---T ....... -i_J " ........... _ ........ ! ' ' - .......... _ -- -- " ' ".... _ ......... ' .... i .....--?17:.-- _ ............................ ,-- _-::-:. ::: ........ :_ .... ,-F--- ..... _ ...............

.... _] ..... --T........................... r: .::_-_: :._-: _.-_ ....... _ ....... _'--_ .............

. ........,_ -_ _ - __
•--:_-_,:-":---"-...... " -- ....... : -" .::: -:.-::=i=.=i=-: --:_----- _::.--.--::.=-:-- "._-' I: ' _ _'F-" - ..... _---'::=:':

:':'Irlr::- -- .... f---_ l ' ' " .... " ----:- :" ' ---I-- -.--_::::: "--._ .---4--- -_-::,-":::'--" "...... .=_==== __- ..-=:-_._ ..... _ =I =_ ..... -_ .... _------:..

.... ._.: ...... --= .... :--=-- ........ ' --, ..... - : _ _ : ..L. ' : " -"-------:.:.

: a :I ..... :::!l--:i:-i:L-:-,--:_l--:i"::i--::- : " . _ :_:_:_-_--_.L_::-_:-:.: " '-:::'::'_---I-'---'-'::',-F-:=='_::":-:===-_-]_::_"::__:.

• ! ............................... ,,-; ....... t I ' " - "

: _ _,r._:':: :-"-:.:k_:='.--:::i:-: :::...... "-': ;,-:--::--_'_:: :::- ": "'::=::: ":F=:_::_-'_='::--:"_--------_=:'__=---"]'_--=-÷ ---:::-. -.
L.-_: -i_F:-"_.!_. -:F-= ..-:=l=;'-E:_:'=:::.:-:=:::-t =:i::=F:"-::l:= ':_:::"::':' :=',"= --_--r---'T---='f-'_. -] ! , _ : , "_ -

Figur_ A91: Total Hcmisphcricai IR Rcflcctancc of clip F09-6, (A) Front (B) Back.

128



O,

n 21a- ......
C

e

.........A000_-_. 3500 301_0.___._i...2500.......L_2000 " i50< __,_0G. q._.7',
W_venurnbers

...... F98F - - -

SPECULAR IR REFL. OF CLIP F09-8 (SIDE A METAL]

............... ::.-'g: ................ I ........ _ ......... a: - : :,':.:: 7: ....... -:-: ............ 1:-_ .. _ ...........................:.-_:_._-_==_ .... _ ........_..... ::-.....,:::......_.................. ,......... ....... _....... _............ _................
...... ....... __7...7.-_'.r---'ZZL'7"'ZIZ7*....... ' ............. ' ::5::=_r:-:=am.:':_::::___ _:::::= _:::_:.: -a-_:_-::.=-=::'_-:m'=::=a---a:-- :::=.-.:-.- I_..... _ ............ I......... _ ...................................._:>_-_._:----T-:_-__'-_-:_= .... : .....---_ ........ =_ . _._-_....., -=_.......

....... F- , .... :--:--q " "Y--I ..... :.-_ *_.-r: ............ ',...... _....................... _:.--.. ::.-:::::_-.

: - ............... .k_-:__4:::': ...... ':::-, --:--::_ .... :::-:-_-:::::::": .... : ....... , ...... = .............. :--':-z__- -: : --:' "

rl='-Zja--'--:-il :I_---_:=:::t:--:F :: t=.:: : :, ......... , .............................
L..t_[ _ . _o___.--4--- _ ;........ i--WL:2 _::_7._ZZ::.T_.TZ':_::..g-_L:_'--",Z--_--:-_--:".2:T'-_rTT----._._'_ "" :" S

:"S"'fl .............. _2:i .'7:-::'. :7..." ..... '-....... F_.......................................... __._-_::::-, .-:-:..::::...........

_L-:I_ ._._P:z_-:-_ -'-_.... :_::=::-_"__='_--,_.._=p, _=___q--2._.,-_:_--__g-z_r- .... _--_..,:_--..::
:t:::--l----F|l aF__t:-= :-_5:: ::-_TMW "--=&_-_- -_ - --- _-_--W%_-F _=-:__=_a --_-:--r-:-:=:-

_--: '411_::" .:-.-: .... :':: _- ..... . : -:':m p::: ." ::::-..-:.:._'T::.--' 7"_"_'-- ::7_::: ........ ":.:.',:.- _--':_: ::'_ L':::Z---.':.: ........ I ................... ,, >_ _.d_ ......._.__:___
:f"w,:h_ -Tb--_ ::.=:t:_v:_! : , .4-. i::.:L-:t .: ::--L

"_:-:. ::'._:t::_ ::i.::-__--_ -:-_L-q:=--: ! !: i"- ---:_:- _ ....... __:--z.= :..
. :._ .-:..; :-;: :: _: :2 . :: :-:.:---:'1,_ ....................................................

::::-::--4::-;7-i .:-_-g_-- .......' ............ .- -;....... --:-=..... -::: ,:-:::-::a=-,=::_:---r=:;-:::-7_::=__=:::._..... = :::-:_--_::-_ :: :.:_::F :i:- -::- _ : :--.._---.::.-:-:L-.: -...-: :2::=:--=- ..... -..... p:-....... :::----_-:._=_- :=-:........
rS-_" I_-- ._:: ......... -- . , _ ...............

_o_ _-m-_-- =l__=_:-_:->l::_v::-#:_:_,_,::_t -:_--_,--_,-_-, -.4--.... .

....... = ____,__L_-:_
!_:7.----T!,wf__-. _ 7-:._ ......:__-=-__---_---TF__-_--_ -

Figure A92: Specular IR Reflectance of clip F09-8, (A) Front (B) Back.

129



i 1

r.-_ ........ -: ........

n - .

80- _

_'- +,.....--_I "- ,-.._....:=-+.-=l_uL----i:.-7_=-7 : _- i F: _ .7:_3_--77-:_:7: : []i ;:_-.--F:_.-:.--_--__---:-------:---=-I
"%Z- '_ : : .'-.T.: .-TzL: ::--:T:_: :--+T...... I+.-7Z.'+_"+'_Z?:: : ........ r .......

" I : t _ : , s : - : ..... L ......... ;_ _ _ +_.- _L .... _.____

i

L ........................

--._+_- .:m_+.+!c__:m _ _+ ++__::--

Figure A93: Diffuse IR Reflectance of clip F09-8, (A) Front (B) Back.

130



n

s 60- -

m ...........

i "

t'-40 = ............

t

n 20=
C

0

.... _4o- _ ....... .3500

6- :_...._ :_,_.: I..... 1....._-:= ............._.....=.......•-I0 _ ............ : . _--,_ ..... -.... _:,- - =:.-:-_.-:==_f-

•-_ ]............I ......./_ ..... :......................................--

I

.....................................

............................

I I I I I I

Wavenumbe rs .......

..... F98FI ......................

TOTAL HEM[SPHERICF:IL [R REFL. OF CLIP F09-8 [SIDE gl METAL]

Figure A94: Total Hemispherical IR Reflectance of clip F09-8, (A) Front (B)Back.

131



:- . • 7. i :- .: ....

..... L ....... _ .........

7.

-r 8_....

413-

2(3-"

........... T . -

8
....... I

4800 36a_

, .._J -- l _ -1
3800 250B 20_8-- !5_ .....1000" ----500

Wavenumbors ....

f ......

SPECULAR [R REFL, OF CLIP R_9-3 SIDE

Figu_ A9_f: Specular IR Reflectance of clip A09-3, (A) Front (B) Back.

132



Figure A96: Diffusc IR Reflectance of A09-3, (A) Front (B) Back.
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Figure All3:
Total Hemispherical IR Reflectance of clip E03-8, (A) Front (B) Back.
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Figure A126:
Diffuse IR Reflectance of clip A03-5, (A) Front (B) Back,
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168



APPENDIX B

Photomicrographs of Coattn9 Thickness
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APPENDIX C

Photomicrographs of Coating Porostty
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